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WHAT'S KNOWN ON THIS SUBJECT:
Congenital cytomegalovirus (CMV) infection is a leading cause of childhood hearing loss. Although CMV saliva screening of newborns for CMV identifi es infected infants for monitoring and early intervention, routine CMV screening does not occur in the United States.
WHAT THIS STUDY ADDS:
A targeted CMV testing approach identifi es infants with CMV-related hearing loss at birth. However, 43% of the infants with CMVrelated hearing loss and congenital CMV infants who are at risk for late onset hearing loss will not be identifi ed.
by guest on January 3, 2017 Downloaded from Congenital cytomegalovirus (cCMV) infection is found worldwide and contributes to thousands of children each year being born with or developing permanent disability such as hearing loss, vision loss, cerebral palsy, cognitive impairment, and developmental delay. In the United States, Canada, Western Europe, and Australia, cCMV is estimated to occur in ∼0.5% to 0.7% of all live births. 1 -3 In other parts of the world, such as Latin America, Africa, and most countries in Asia, cCMV rates are even higher at ∼1% to 2% of all births. 4 -8 Approximately 10% of infants with cCMV will have clinical findings at birth (symptomatic infection). The vast majority of infected infants (≈90%), however, will have no clinical manifestations present during the newborn period (asymptomatic infection). 9 Approximately 40% to 60% of symptomatic infants will manifest permanent sequelae, with sensorineural hearing loss (SNHL) being the most common, followed by cognitive impairment, retinitis, and cerebral palsy. 2, 10 -12 Asymptomatic infants are also at risk for CMVrelated disabilities, and ∼10% to 15% of asymptomatic infants will develop SNHL. 2, 11 -15 Disabilities from symptomatic and asymptomatic cCMV infection are more common in children in the United States than other more recognized diseases such as Down syndrome, fetal alcohol syndrome, or spina bifida. 16 cCMV infection significantly contributes to permanent childhood hearing loss, with CMV-related SNHL being second only to genetic causes both at birth and during the early years of life. 14, 17 SNHL after cCMV may be present at birth or occur later in childhood (late onset). Children with SNHL after cCMV may also have further worsening or progression of their losses. 11 -13, 15 Although cCMV is a leading cause of SNHL in children and is more common than any of the other screened newborn conditions in the United States, routine newborn CMV screening does not occur in the United States. Limited CMV awareness by both providers and parents, the difficulty in confirming the diagnosis of cCMV after the newborn period, the inability to predict which children with cCMV will have sequelae, the lack of effective treatments to prevent or ameliorate the effects of the virus, and the absence of an inexpensive and rapid screening test have been some of the obstacles preventing the implementation of widespread CMV screening in the past. Recent advances in the development of a rapid, high-throughput method for detecting CMV in saliva, 18 success with antiviral treatment in symptomatic infants, 19 and the recognition that early identification for targeted monitoring and intervention during critical stages of speech and language acquisition improves outcomes 20, 21 have led to renewed interest in both targeted and universal approaches to screening newborns for cCMV. As part of the CMV and Hearing Multicenter Screening (CHIMES) study, ∼100 000 infants were tested for CMV and received a newborn hearing screening (NHS) while in the hospital nursery, thus allowing us to examine the effectiveness of a targeted approach in identifying infants with CMV-related hearing loss where only newborns who did not pass NHS would be tested for cCMV. All live-born infants were eligible for participation. Mothers were approached postpartum to obtain written informed consent for their infant's enrollment in the study. Upon enrollment, saliva specimens were collected from the newborn and additional dried blood spots were obtained at the time of routine newborn metabolic screening and tested for CMV as previously described. 18, 22 Infants with positive saliva or dried blood spots screening specimens were enrolled in the follow-up component of the study to confirm cCMV and to monitor their hearing outcome. Newborn medical records were reviewed for infants with cCMV to determine if the infants had clinically apparent disease. An a priori definition of symptomatic cCMV was established at the beginning of the CHIMES study by study investigators. Infants were considered to have symptomatic cCMV if they had any of the following symptoms in the newborn period: generalized petechial rash, purpuric rash, hepatomegaly, splenomegaly, jaundice with direct bilirubin of 3 mg/dL or greater, unexplained neurologic/CNS abnormalities (eg, microcephaly, seizures, focal or generalized neurologic deficits), or chorioretinitis. Clinical decisions about further evaluations and possible treatment of the CMVinfected infants were made by the physicians at each study site. The CHIMES study did not include treatment of cCMV infants. Local institutional review board approval was obtained at each site.
METHODS

Study Population
NHS
NHS results and any additional outpatient hearing screens or diagnostic follow-up audiologic testing results were collected from the individual hospital's audiology program for each infant enrolled in the study. Each study site followed the NHS protocol designed for their hospital. Most of the hospitals used a 2-stage protocol where infants who did not pass in the hospital were scheduled for an additional outpatient hearing screen, and infants not passing their outpatient hearing screen were scheduled for a follow-up diagnostic audiologic evaluation. Infants with cCMV, regardless of hearing screen status, received a diagnostic audiologic assessment at 3 to 8 weeks of age as part of the CHIMES study. The CHIMES study diagnostic audiology protocol included a tone burst Auditory Brainstem Response with thresholds at 0.5, 1.0, 2.0, and 4.0 kHz and Distortion Product Otoacoustic Emissions for each ear. Bone conduction, tympanometry, and ipsilateral acoustic reflexes were performed with a 1000-Hz probe tone if hearing loss was suspected. CMV-negative infants who referred (ie, did not pass) on NHS were audiologically managed per their hospital's and state's recommendations for a diagnostic audiologic assessment by 3 months of age for the identification of possible hearing loss in the infants. 21 CMVnegative infants did not receive their audiological assessments as part of the CHIMES study.
Statistical Analysis
All statistical analyses were performed by using SAS software, version 9.3 (SAS Institute, Inc, Cary, NC).
The results of CMV screening were compared with the newborn hearing results. Binomial 95% confidence intervals (CIs) were calculated for point estimates. Statistical significance was determined by using a 2-tailed χ 2 or Fisher's exact test with a 5% level of significance, where appropriate.
RESULTS
Of the 100 332 enrolled infants with a CMV test result, 99 945 (99.6%) had an NHS result ( Fig 1) . Reasons for not having NHS results included the following: hearing screen not completed before discharge from the nursery; infant death; or parental refusal. Of the 6 CMV-positive infants who did not have an NHS result, 3 symptomatic preterm infants died before a hearing screen was obtained, and 2 infants did not enroll in the follow-up component, so no follow-up information is available about whether these infants had hearing loss or normal hearing. The other infant did not have any evidence of hearing loss at birth confirmed by a diagnostic audiologic assessment when the infant enrolled in the follow-up component of the CMV study. Of the 99 945 infants who received an NHS, 443 (0.4%) were diagnosed with cCMV infection. Study characteristics of the 99 945 infants are seen in Table 1 .
The NHS referral (did not pass) rate for the study population was 1.0% (95% CI, 0.9%-1.0%). However, 7.0% of CMV-positive infants did not pass their hearing screen compared with 0.9% of CMV-negative infants who did not pass their hearing screen (P < .0001). The same pattern remained in both the well-infant and the NICU nurseries, where the CMV-positive infants were significantly more likely to fail their hearing screen compared with CMV-negative infants ( Table 2) . Among infants with asymptomatic cCMV, 20/403 (5%, 95% CI, 3.1%-7.6%) failed NHS. In the well-infant and the NICU nurseries, 15/375 (4%, 95% CI, 2.3%-6.5%) and 5/28 (18%, 95% CI, 6%-37%) asymptomatic infants did not pass NHS, respectively. Symptomatic cCMV infants had a much higher referral rate of 11/40 (28%, 95% CI, 15%-44%), and had similar referral rates in both the well-infant (7/25; 28%, 95% CI, 12%-49%) and the NICU (4/15; 27%, 95% CI, 8%-55%) nurseries.
Of the 31 (7%) CMV-positive infants who did not pass NHS, 20 (65%) were confirmed to have SNHL by diagnostic audiologic evaluations. The other 11 (35%) who failed NHS were confirmed to have normal hearing by diagnostic evaluation. An additional 15 (3.6%) CMVpositive infants who passed NHS had SNHL confirmed by a diagnostic hearing evaluation in the first 3 to 8 weeks of life. The severity of
FIGURE 1
Study cohort for the CHIMES study.
by guest on January 3, 2017 Downloaded from the hearing loss in cCMV infants is seen in Table 3 . Those infants who failed NHS were more likely diagnosed with bilateral loss (60%) and also were diagnosed with at least moderate hearing loss (65%). Of the 15 CMV-positive infants who passed their hearing screen but were diagnosed with SNHL during infancy, 9 (60%) had mild loss and 4 of these 9 infants had bilateral loss. The other 6 (40%) of 15 infants were diagnosed with at least a moderate to severe SNHL and 3 of these 6 infants had bilateral loss. None of the 31 CMVpositive infants who failed NHS nor the 15 additional infants who had SNHL were diagnosed as having syndromes or other malformations associated with hearing loss, or had a family history of hearing loss.
Overall, NHS identified 20/35 (57%, 95% CI, 39%-74%) infants who had CMV-related SNHL in the newborn period leaving 43% not identified with hearing loss. In asymptomatic infants, NHS identified only 9/19 (47%, 95% CI, 24%-71%) of the CMV-related SNHL in these infants, missing 53% with hearing loss. Among symptomatic infants, NHS identified CMV-related hearing loss in 11/16 (69%, 95% CI, 41%-89%) infants.
CMV-positive infants with SNHL identified by NHS and those who passed their hearing screen but had SNHL in the neonatal period comprised 7.9% (95% CI, 5.6%-10.8%) of all infants with cCMV. As expected when infants were categorized by the presence of clinical findings at birth, those with symptomatic infection had a significantly higher rate of hearing loss than those with asymptomatic cCMV at birth. SNHL occurred in 38.1% (95% CI, 23.6%-54.4%) of the symptomatic infants compared with 4.7% (95% CI, 2.9%-7.3%) of the asymptomatic infants (P < .0001). by guest on January 3, 2017 Downloaded from
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DISCUSSION
Our large study of almost 100 000 infants revealed that a targeted CMV screening approach that only tests newborns who do not pass NHS identified the majority of infants with CMV-related SNHL at birth. However, this approach failed to identify a significant number of infants with CMV-related SNHL (43%) during infancy. Among infants with asymptomatic cCMV, 53% of those with CMV-related SNHL at birth will not be identified by a targeted approach. In addition, only testing infants who failed their hearing screen will miss the CMV-positive infants who are without symptoms at birth, pass NHS, and who go on to develop late onset hearing loss. A previous retrospective study in Texas revealed 6% of hearing impairment in newborns was attributable to CMV when they used a targeted CMV screening approach. 23 Another study in Italy revealed that 10% of infants with SNHL detected <2 months of age had cCMV infection. 24 Although these studies indicated that testing infants who fail NHS for CMV could identify CMV-related SNHL, both studies were retrospective and did not include CMV screening of all infants. Our study included both CMV and hearing screening of all infants and provides reliable estimates of the effectiveness of a targeted CMV screening approach in identifying infants with CMV-related SNHL.
An important finding of our study is that newborns with cCMV have a significantly higher NHS referral rate (7%) than CMV-negative infants. These results indicate that newborns who do not pass their hearing screen and have no other known etiology for their possible hearing loss should be screened for CMV infection. In fact, existing clinical guidelines from the 2007 Statement by the Joint Committee on Infant Hearing recommend that infants with confirmed hearing loss and an uncertain etiology after an initial medical evaluation should have an expanded multidisciplinary evaluation protocol that includes testing for CMV. 21 However, by the time permanent hearing loss is confirmed by the diagnostic audiologic evaluation and the initial medical evaluation is completed, it will be too late to confirm cCMV. Testing of infants who refer on NHS for CMV by saliva or urine polymerase chain reaction before hospital discharge or by 2 to 3 weeks of age by the pediatric medical home provider will provide confirmation of CMV as the cause of any suspected congenital hearing loss. After 3 weeks of age, cCMV cannot be reliably diagnosed as the etiology for infants with SNHL.
NHS programs have been successful in identifying congenital hearing loss but do have some limitations because of the sensitivity and specificity of hearing screen tools and testing protocols. 25 In many programs, the majority of infants who fail NHS will not have permanent hearing loss. 26, 27 Although it would be expected that more infants with cCMV who failed their hearing screen would have permanent loss, our finding that 64% of the infants had SNHL was a higher confirmation rate than expected on the basis of other studies. 26, 27 It is unclear why 43% of all CMV-positive infants and 53% of asymptomatic cCMV infants passed NHS but were confirmed to have CMV-related SNHL in the newborn period. A previous multicenter study estimated that ∼23% of infants who passed a 2-stage hospital screening protocol had permanent hearing loss at 9 months of age; however, it is estimated that their protocol missed up to 70% of all cases of mild unilateral and bilateral hearing loss. 28, 29 At another center, one-third of the pediatric cochlear implant population had previously passed NHS. 30 The percentage of CMV-positive infants with SNHL who passed their hearing screen was higher than these previously reported studies. It is possible that some of the infants who passed NHS but were confirmed to have SNHL were missed because of limitations of the NHS algorithms that were unable to reliably detect mild or isolated frequency region hearing losses. However, this does not explain the infants who had moderate to severe hearing loss identified on their diagnostic evaluation. It is also possible that the hearing loss occurred after the first week after birth or progressed to a measurable level by 6 to 8 weeks after birth. However, this is speculative and no previous data exist to suggest that CMV-related hearing loss is unstable in the neonatal period.
In addition to the fact that NHS failed to detect 43% of CMV-positive infants who had SNHL in the newborn period, the progressive nature of CMV-related hearing loss in ∼50% of children with SNHL underscores the limitations of the targeted CMV screening approach. 12, 13 The rate of hearing loss progression in cCMV infection seems to be similar regardless of whether a child has an asymptomatic or a symptomatic infection, although the symptomatic infants have a greater degree of severity and also earlier progression of their hearing loss. 12 With current pediatric newborn screening practices, CMV-positive infants who pass NHS but have CMV-related SNHL, whether stable or progressive loss, will be missed by any targeted screening program and otherwise will remain unidentified because routine CMV screening does not occur.
There are limitations in our study in that although all live-born infants were eligible to participate at the hospitals not all were enrolled in the study. Infants who were in the NICU were less likely to be approached by study staff because of the fragility of the infant and to not place any additional burdens on their families.
Infants who were discharged early or who were delivered on weekends or evenings may have been missed if study personnel were not available to obtain consent. It is possible that we missed cCMV infants, especially asymptomatic infants, and underestimated the rate of cCMV infection for our hospital sites. Our study revealed a 0.4% cCMV rate that is lower than some previously reported studies, 2, 3 although not lower for other large studies of cCMV. 31, 32 However, the lower cCMV rate should not impact the observed difference in the hearing referral rates between CMV-positive and CMV-negative infants, because there is no evidence to suggest the missed cCMV infants would have had a different hearing referral rate than those infants diagnosed. Also, the rates of CMV-related SNHL in the study were similar to previous reports, so it is not likely that the study missed a significant number of CMV-positive infants at the sites. 11, 12 Targeted CMV screening will minimize the diagnostic etiology odyssey for some of the infants with suspected hearing loss because cCMV can only be reliably diagnosed within the first few weeks after birth. Also, infants identified with CMV-related hearing loss through targeted screening will have the opportunity for more focused audiologic monitoring, early intervention, and antiviral treatment. However, the limitations of a targeted CMV screening approach are the failure to identify all CMV-related SNHL in the newborn period and missing the cCMV infants who pass NHS but are at risk for late onset hearing loss.
CONCLUSIONS
A targeted CMV screening approach does identify the majority of infants with CMV-related SNHL in the newborn period. However, this method fails to identify a significant number of infants with CMV-related SNHL during infancy highlighting the need to develop approaches to improve detection of CMV-related hearing loss at birth. Strategies to identify all infants with cCMV who remain at risk for late onset and progressive hearing losses are needed.
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